This paper presents spatial variation of seismic hazard at the surface level for India, covering 6e38 N and 68e98 E. The most recent knowledge on seismic activity in the region has been used to evaluate the hazard incorporating uncertainties associated with the seismicity parameters using different modeling methodologies. Three types of seismic source models, viz. linear sources, gridded seismicity model and areal sources, were considered to model the seismic sources and different sets of ground motion prediction equations were used for different tectonic provinces to characterize the attenuation properties. The hazard estimation at bedrock level has been carried out using probabilistic approach and the results obtained from various methodologies were combined in a logic tree framework. The seismic site characterization of India was done using topographic slope map derived from Digital Elevation Model data. This paper presents estimation of the hazard at surface level, using appropriate site amplification factors corresponding to various site classes based on V S30 values derived from the topographic gradient. Spatial variation of surface level peak horizontal acceleration (PHA) for return periods of 475 years and 2475 years are presented as contour maps.
Introduction
Earthquakes are known to have occurred in the region of Indian subcontinent from ancient times. Large magnitude earthquakes have occurred in the northern subcontinent and in the Andaman and Nicobar regions. In the southern peninsula, damaging earthquakes have occurred but less frequently and with lower magnitudes than at the plate boundaries. The rapid drifting of Indian plate towards Himalayas in the north east direction with a high velocity along with its low plate thickness might be the cause for high seismicity of the Indian region. Bureau of Indian Standard has published seismic zonation map in 1962 and revised it during 1966, 1970, 1984 and 2002 . The map was entirely based on past earthquake history, seismotectonics and geophysical data, not based on a detailed hazard analysis.
Various researchers have attempted to evaluate the expected ground motion due to future earthquakes in and around India. Khatri et al. (1984) developed Peak Horizontal Acceleration (PHA) hazard map with 10% annual probability of exceedance in 50 years with the use of the ground motion prediction equation developed by Algermissen and Perkins (1976) . PHA hazard map for entire India, with 10% annual probability of exceedance in 50 years was presented by Bhatia et al. (1999) using the ground motion prediction equation of Joyner and Boore (1981) . However the results obtained in the studies of Khatri et al. (1984) and Bhatia et al. (1999) were debatable because of the use of single ground motion prediction equation for the entire country. Iyengar et al. (2010) developed probabilistic seismic hazard map for Indian landmass using linear seismic sources and attenuations relations developed by them using ground motion simulations for various parts of the country. There were several other efforts by various researchers to estimate the seismic hazard for various isolated regions in the country using different methodologies. Most of the past works on estimating the seismic hazard for various parts of India focused on a small region without extending it to the adjoining areas that exhibits different seismotectonic characteristics. The few works that focused on entire country either use only one specific source model or a single ground motion prediction equation without taking into account varied attenuation properties of different tectonic provinces in the country. This necessitates the need for a comprehensive seismic hazard analysis for entire country considering various source models and different ground motion predictions to suit various tectonic provinces with varied seismotectonic characteristics.
Estimation of PHA is done using different sets of ground motion prediction equations specific to various tectonic provinces in the country. In context of recent development in seismic hazard assessment and its application to earthquake engineering, it is clear that we cannot bestow completely with either probabilistic or deterministic elements, but both are equally important (Bommer, 2003) . Deterministic Seismic Hazard Analysis (DSHA) adopts a transparent process, whereas Probabilistic Seismic Hazard Analysis (PSHA) deals with various uncertainties. PSHA gives a richer description of the expected ground motions since it provides the probability of exceeding a specific ground motion level whereas the ground motions given by DSHA are associated with an unknown probability of exceedance. PHA estimated from probabilistic method handles various uncertainties, where as deterministic approach generates distinct value of ground motion parameter for a specific scenario.
When seismic wave travels from bedrock to ground surface, it undergoes modification due to impedance contrast and this modification is termed as the local site effects. Thus local geology and soil conditions have significant effect on the intensity of ground shaking due to earthquake. In most of the buildings where foundation is not extending to bedrock, local site effect becomes crucial in dictating the damage intensity. The estimation of intensity of ground shaking at surface level requires site characterization of soil overburden mass either based on geology or dynamic soil properties. Generally geotechnical and geophysical tests are carried out to characterize the soil overburden. However, the use of these tests for seismic site characterization is limited for regions having smaller area and not viable for characterizing a larger area such as a state, or a country. For the seismic site characterization at macro-scale level, terrain slope data can be very useful. Studies already proved that topographic slope data derived from Digital Elevation Model (DEM) is an index for the seismic site conditions.
Allen and Wald (2009) described a technique to derive firstorder site-condition maps directly from topographic data. They have used global 30 arc sec topographic data and V S30 measurements collected from several studies in the United States, as well as in Taiwan, Italy, and Australia. They correlated V S30 values with the topographic slope to develop two sets of parameters for obtaining V S30 : one for active tectonic regions where topographic relief is high, and one for stable shield regions where topography is gentler. By taking the gradient of the topography and choosing ranges of slope that maximize the correlation with shallow shear-velocity observations; Allen and Wald (2009) have recovered, to first order, many of the spatially varying features of the site-condition maps developed in California. They found that maps derived from the slope of the topography correlate well with other independently derived, site-condition maps. In the present study, an attempt was made to develop the V S30 map for India using topographic slope map derived from DEM data.
Based on the V S30 values, the site can be characterised as per National Earthquake Hazard Reduction Program (NEHRP) norms. Using appropriate site amplification factors, ground motion parameter at surface can be estimated from that estimated at the bedrock level. Various hazard assessment studies (Deterministic as well as probabilistic methodologies) have been carried out for India in the past to estimate the ground motion parameter at the bedrock level. This paper presents estimation of the hazard at surface level, using appropriate site amplification factors corresponding to various site classes based on V S30 values derived from the topographic gradient.
2. Seismicity of the study area
Tectonic provinces
Geographical statistics of India show that almost more than half of the land is vulnerable to earthquakes. The seismicity of Indian subcontinent can be broadly characterized by three general seismotectonic regions ( Fig. 1) : tectonically active shallow crustal region, subduction zones and stable continental region. The subduction zone earthquakes can be further classified as regions with intraslab and interface earthquakes.
The tectonically active shallow crustal regions include the Himalayas and southern Tibetan Plateau, northwest frontier province of Indian plate (Kayal, 2008; Nath and Thingbaijam, 2011) . The movement of Indian plate in the north eastern direction and its collision with the Eurasian plate created the gigantic mountain range e the Himalayas with an average height of 4600 m and the largest plateau region in the world e the Tibetan Plateau. The Indian plate is considered as one of the fastest moving plates; current movement is estimated to be around 5 cm/yr (Kumar et al., 2007) . The collision and the subsequent formation of the Himalayas and the Tibetan Plateau are associated with very high seismicity. Seismically active northeeast Indian region falls at the junction of NeS trending Burmese arc and EeW trending Himalayan Arc resulting in numerous geological structures (Sharma and Malik, 2006) .
The subduction zones include that of Hindukush-Pamir to the northwest frontier province, Indo-Myanmar arc to the north east, and Andaman-Sumatra seismic belt to the south east. The Indo-Burmese arc is an important tectonic feature, the seismicity of which is related to the subduction of the Indian plate underneath the Southeast Asian plate due to northeastward motion of India (Deshikachar, 1974) . The northeastern corner of India, sandwiched between the Himalayan and Burmese arcs, is characterized by a complex seismotectonic setup and very high level of seismicity (Evans, 1964) .
Peninsular India is delineated as Stable Continental Region (SCR) with low to moderate seismic activity (Chandra, 1977) . The seismicity of this region is of intraplate nature and appears to be associated with some local faults and weak zones (Rao and Murty, 1970) . The ENEeWSW trending Son-Narmada-Tapti zone is a prominent tectonic province in the northern margin of the peninsular shield. The major tectonic elements in the southern part of the peninsula can be listed as the massive Deccan Volcanic Province, the Southern Indian Granulite Terrain, the Dharwar Craton, the Cuddapah Basin, the Godavari and the Mahanadi Grabens, and the Eastern and Western Ghats on the east and west coasts, respectively (Gupta, 2006) .
Earthquake catalog
Recently prepared a comprehensive earthquake catalog for India and adjoining areas by compiling the data from various national and international agencies as well as from the literature. They developed correlations connecting various magnitude scales and homogenized the catalog in a unified moment magnitude scale. This declustered earthquake catalog is used to characterize seismic sources in the present study. The distribution of earthquake events in India and adjoining areas is given in Fig. 2. 
Linear sources
The Seismotectonic Atlas (SEISAT, 2000) , published by Geological Survey of India (GSI), has been taken as an authentic reference manual for identifying the seismic sources by various researchers like, Iyengar and Ghosh (2004) for Delhi, Nath (2006) for SEISAT (2000) . In the present study, all the sheets of SEISAT (2000) were scanned and georeferenced and the individual images were merged together to form the complete map India. Georeferencing and digitization of seismotectonic maps were done using MapInfo Professional version 2006. The declustered earthquake data were superimposed on the fault map and maximum reported magnitude along each of these sources was noted. The linear sources thus selected are shown in Fig. 3 .
Gridded seismicity model
The gridded seismicity model is based on the seismic activity rate obtained from the earthquake catalogue and it is one of the most widely adopted methods to model seismic sources for the regions in the absence of clearly identified seismic sources (Frankel, 1995; Woo, 1996; Martin et al., 2002) . In this method the study area is divided into grids of size 0.1 Â 0.1 . The number of earthquakes, which are having magnitude higher than a cutoff magnitude, in each cell, is counted. This will give the activity rate for that particular grid cell. In the present study, the cutoff magnitude (M cut ) was selected as M w ¼ 4.0. Based on this value, the recurrence rates for different magnitude intervals were calculated and these values were smoothed using a Gaussian function to get the final activity rate for each grid cell (Eq. 1). The uncertainty involved in estimating the location of the earthquake event and the size of the seismic source can be accounted by this smoothing.
where n j enumber of earthquakes in the jth grid cell, b n i esmoothed number of earthquakes in ith cell, cecorrelation distance to account for the location uncertainties, and D ij edistance between the ith and jth cells.
Areal sources
For the hazard estimation using areal sources, the territory is divided into seismic source zones according to geotectonic considerations where it can be assumed that, within each zone, an independent earthquake-occurrence process is taking place. For each seismic source zone, magnitude exceedance rates are estimated by means of statistical analysis of earthquake catalogs. These rates are the number of earthquakes, per unit time, in which magnitude M is exceeded, and they characterize the seismicity of the source (Ordaz et al., 2007) . Considering India's complex sesismotectonic setup, divided entire Indian region into 104 source zones based on the trend of tectonic features, predominant source . mechanism solutions and the epicentral distribution of past earthquakes. CRISIS software (Ordaz et al., 2007 ) was used to model areal sources and to estimate the seismic hazard with polygondipping areas. These zones allow for local variability in seismicity characteristics for other two types of source models; linear sources and zoneless approach (changes in b-value, l m , M max etc.). The regional seismic source zones identified by are shown in Fig. 4 . have performed seismicity analysis using ZMAP software (Wiemer, 2001 ) and characterized 104 regional seismic source zones in the country. The M max was estimated for all the zones based on the methodology suggested by Kijko (2004) .
In this method, a spatial integration process is carried out to account for all possible focal locations with an assumption that, within a seismic source, all points are equally likely to be an earthquake focus. CRISIS assumes that, within a source, seismicity is evenly distributed by unit area and to correctly account for this modeling assumption, CRISIS performs a spatial integration by subdividing the original sources. Once subdivided into sub-sources, CRISIS assigns to a single point all the seismicity associated to a subsource, and then the spatial integration adopts a summation form.
Ground motion models
The seismicity of Indian subcontinent is spatially varied and complex as it encompasses various tectonic zones with different attenuation characteristics. Appropriate Ground Motion Prediction Equations (GMPEs) should be used for different tectonic regions. Hence for the selection of the GMPEs, study area was divided into four categories e active tectonic shallow crustal region, Stable continental region, subduction intraslab region and subduction interface region.
In India, there is scarcity of strong motion data and this in turn has resulted in the development of only very few region specific GMPEs. Since only a few ground motion prediction equations were available for the study area, in the present study we have used some of the well accepted GMPEs which were developed for other regions of the world having similar seismic attenuation characteristics. In the present analysis, different GMPEs were used to model the attenuation properties of the plate boundary region, stable continental region and subduction zones. Several ground motion prediction equations capable of predicting ground motion in these seismic provinces were identified and studied. The best suited three ground motion prediction equations were selected for each tectonic province, based on strong motion records from recent small number of recorded events reported in these areas.
The relations used for Shield region are Campbell and Bozorgnia (2003) , Atkinson and Boore (2006) , and Raghukanth and Iyengar (2007) . Out of these, the relation by Raghukanth and Iyengar (2007) was developed for the Peninsular Indian Shield regions. Raghukanth and Iyengar (2007) observed that their model have predictions similar to those of the available models for other intraplate regions. Ground motion prediction equations given by Campbell and Bozorgnia (2003) and Atkinson and Boore (2006) were developed for the Eastern North America (ENA). Based on the study of aftershocks of Bhuj earthquake, Cramer and Kumar (2003) came to the conclusion that the ground motion attenuation in ENA and Peninsular Indian shield are comparable. Similarity of the regional tectonics of ENA and peninsular India has been noted by Bodin et al. (2004) also.
The GMPE used for active tectonic regions are Boore and Atkinson (2008) , Sharma et al. (2009) and Akkar and Bommer (2010) . Of these, the relation suggested by Sharma et al. (2009) was developed for Himalayan regions of India. Sharma et al. (2009) used data from the Himalayas and Zagros regions on the premises that seismotectonics of the two regions have considerable similarity (Ni and Barazangi, 1986) . On the other hand, the relation by Boore and Atkinson (2008) 
For Indo-Myanmar Subduction zone, we used the ground motion prediction equations suggested by Zhao et al. (2006) , Lin and Lee (2008) and Gupta (2010) as all three are capable of predicting ground motion from intraslab subduction earthquakes. For the subduction zone with interface earthquakes, the GMPEs used were of Gregor et al. (2002) , Atkinson and Boore (2003) and Lin and Lee (2008) . The GMPE by Gupta (2010) is developed specifically for Indo-Myanmar subduction zone whereas Zhao et al. (2006) and Lin and Lee (2008) were developed for the subduction regions (both intraslab and interface) of Japan and Taiwan respectively. Ground motion prediction equations given by Gregor et al. (2002) and Atkinson and Boore (2003) were developed for Cascadia subduction zone.
Logic tree structure
Uncertainties in the models used for seismic hazard assessment make the selection of a seismic hazard model difficult. The use of the logic tree approach allows characterization of epistemic uncertainties in various models by including alternative models in the analysis (Budnitz et al., 1997; Stepp et al., 2001; Bommer et al., 2005) . Logic tree consists of a series of nodes and branches and these branches denote different models (hypothesis). A subjective weightage, based on engineering judgment, can be given to each of these branches depending on the likelihood of being correct.
The weightage for all the branches at a particular node should be equal to unity. The weightage of the terminal branch of the logic tree can be obtained by multiplying the weightage of all the branches leading to it. The present study considers three types of source models and three different ground motion prediction equations each for various tectonic provinces in the study area. The source models employed are linear sources, gridded seismicity model and areal sources. Two different maximum magnitudes have been considered for linear sources; the maximum historical magnitude and the previous increased by 0.5 units. This is the criterion followed and defined by Gupta (2002) for assigning maximum magnitude to a linear source. M max associated with each fault was identified separately. The M max and M max þ 0.5 have been considered in the analysis in a logic tree framework. All the different models were combined using the logic tree.
Estimation of hazard
The seismic hazard evaluation of the Indian landmass based on a state-of-the art PSHA study has been performed using the classical CornelleMcGuire approach. Regional seismic source zones were characterized to allow for local variability in seismicity characteristics (b-value, l m , M max ). The seismicity parameters estimated for regional seismic source zones by have been used as input into the present hazard analysis. Different ground motion prediction equations were used to suit various tectonic provinces of the country. The hazard curves obtained from PSHA will show the variation of peak horizontal acceleration (PHA) or spectral acceleration (Sa) against mean annual rate of exceedance. The occurrence of an earthquake in a seismic source is assumed to follow a Poisson's distribution. The probability of ground motion parameter, Z, at a given site, will exceed a specified level, z, during a specified time, T is represented by the expression:
where nðzÞ is the mean annual rate of exceedance of ground motion parameter, Z, with respect to z. The function nðzÞ incorporates the aleatory variability in time, size and location of future earthquakes and uncertainty in the ground motion they produce at the site. It is given by:
where N n (m 0 ) is the frequency of earthquakes on a seismic source n, having a magnitude equal to or greater than a minimum magnitude m 0 (in this study it is taken as 4.0); f n (m) is the probability density function for a minimum magnitude of m 0 and a maximum magnitude of mmax; f n (rjm) is the conditional probability density function (probability of occurrence of an earthquake of magnitude m at a distance r from the site for a seismic source n); P(Z > zjm, r) is the probability at which the ground motion parameter Z exceeds a predefined value of z, when an earthquake of magnitude m occurring at a distance of r from the site. The integral in Eq. (3) can be replaced by summation and the density functions f n (m) and f n (rjm) can be replaced by discrete mass functions. The resulting expression for nðzÞ is given by:
where l n ðm i Þ is the frequency of occurrence of magnitude m i at the source n obtained by discretizing the earthquake recurrence relationship for the source n. For doing the seismic hazard analysis using linear sources and gridded seismicity source model, a set of new programs were developed in MATLAB and the entire analysis was done using these set of programs. The hazard using areal sources was estimated by using the software CRISIS (Ordaz et al., 2007) .
Site characterization
Characteristic of local soil condition can amplify the earthquake ground shaking to a large extent, thus aggravating damage potential of earthquake. Hence to evaluate the ground response and site effects, accurate knowledge about the geological, geomorphological and seismotectonic settings are necessary. Thus the site characterization has its significance in seismic microzonation studies. The thickness of the overburden soil, its density, soil type, geometry of the subsoil structure, and the surface topography influence the amplification of earthquake ground motion. Site characterization is generally carried out either based on local geology or on geotechnical dynamic soil properties. Site characterization based on local geology can be effective for characterizing larger area such as state or a country. Medvedev (1962) , Borcherdt and Gibbs (1976) , Shima (1978) , Evernden and Thomson (1985) and Midorikawa (1987) have proposed site characterization based on local geology and evaluated hazard intensity and amplification factors for each geological category. However, this mode of site characterization is considered as primitive and not appreciated in modern seismic microzonation practices. Hence shear wave velocity (V s ), which is a dynamic geotechnical property, has been accepted for seismic site characterization. Most of the codes such as Eurocode-8 (2003) (1) ( Table 1) , where 30 m is the depth corresponding to one quarter wave length of the period of interest.
where d i is depth of each soil layer, v i is the corresponding shear wave velocity for each layer and n is the number of soil layers. For small sites, average shear wave velocity for top 30 m can be evaluated using geotechnical and geophysical field tests. Geophysical tests include seismic cross-hole, suspensions logging test, seismic uphole and downhole, Spectral Analysis of Surface Wave and Multichannel Analysis of Surface Waves while geotechnical tests include standard penetration test (SPT) in boreholes and cone penetration test (CPT). However for characterizing large area, estimation V S30 based on these tests are not economically as well as physically viable. Hence in the present study, site characterization for India has been carried out using topographic slope map which were generated from Digital Elevation Model (DEM) data.
Topographic variations are an effective index of near-surface geomorphology and lithology, with steep mountains representing rocky terrain and flat basins indicating soil, and intermediate slopes representing a transition between rock and soil (Allen and Wald, 2009 ). Matsuoka et al. (2005) has found good correlations between V S30 and topographic slope in Japan, similar studies have been done by Chiou and Youngs (2006) for Taiwan and by Allen and Wald (2009) for California. In present study site characterization for entire India has been done based on the slope map. The slope maps were derived from DEM where the data was downloaded from various sources such as Cartosat DEM from National Remote Sensing Centre Bhuvan, Shuttle Radar Topography Mission (SRTM) from United States Geological Survey Earth Resources Observation and Science, interpolated seamless SRTM data v4.1 from Consultative Group on International Agricultural Research-Consortium for Spatial Information (CGIAR-CSI) and void filled data in mountainous terrain from viewfinder panoramas. The absolute vertical accuracy of the elevation data will be 16 m (at 90% confidence).
Generation of slope map
Slope map for the study area was developed from DEM using ArcGIS 10 software. The downloaded DEM were found to be in WGS-1984 geographic co-ordinate system. Before proceeding to any raster analysis, the DEM was projected to UTM co-ordinate system which is recommended for any terrain analysis and resampled to grid size of 10 km Â 10 km (Fig. 5) . Using the spatial analyst tool provided by ArcGIS, slope at each grid point was evaluated. Slope map for the study area is presented in Fig. 6 . Slope map thus obtained was converted to vector data (points) and then exported into a table form. The geographic co-ordinates and slope values were computed for each grid point.
Site characterization based on topographic slope
After preparing the slope map, site characterization was carried out using methodology suggested by Allen and Wald (2009) . Based on the correlation studies conducted for active tectonic and stable continental regions, Allen and Wald (2009) proposed slope ranges corresponding to each NEHRP site class as given in Table 2 .
Based on the slope range given in Table 2 , site class for each grid point was determined. Maps showing the spatial variation in site classes throughout India was developed and presented in Fig. 7 . The site classes obtained for various locations in study areas were then compared with the existing site characterization map for the same location generated for microzonation purpose by various researchers. Table 3 presents the comparison between site classes for major locations obtained from present methodology and previous microzonation works.
Evaluation of PHA at ground surface
For a small area of site, ground response analysis techniques are available for evaluating PHA at ground surface, however for a larger landmass such as a state or a country, this technique is not viable. Hence in this paper the seismic hazard at ground surface is estimated using non-linear site amplification technique proposed by Raghukanth and Iyengar (2007) . The amplification factors for different NEHRP site classes can be evaluated using the following equation (Raghukanth and Iyengar, 2007) :
where a 1 and a 2 are regression coefficients, y br is the spectral acceleration at rock level and d s is the error term. The values of the regression coefficients a 1 and a 2 will vary for different site classes and for different time periods. These values were derived based on the statistical simulation of ground motions (Raghukanth and Iyengar, 2007) and they take into account the nonlinear site response of soils. For NEHRP site classes A to D, ten random samples of soil profiles were considered in evaluating the amplification factors. The amplification factor for soft and medium dense soil varies with the rock level PHA values. The value of the damping ratio, x, and the modulus reduction, G red , will vary with shear strain (Idriss, 1990) . The method adopted for evaluation of the amplification factor (F s ) values considers this effect and the value of F s varies with the rock level PHA values. The value of spectral acceleration for different site classes can be obtained from:
where F s is the amplification factor and is the spectral acceleration at the ground surface for a given site class. The value of the amplification factor F s varies with PHA values and it accounts for the non-linear behaviour of soil in amplifying the seismic signals.
Results and discussions
The seismic hazard analysis of India was done by dividing the entire country into grids of size 0.1 Â 0.1 (about 11 km Â 11 km). For each grid point the Peak Horizontal Acceleration (PHA) values were evaluated at bedrock level corresponding to probability of exceedance (PE) of 10% and 2% in 50 years. These exceedance values correspond to return periods of 475 and 2475 years respectively.
While evaluating the seismic hazard using PSHA method, the hypocentral and magnitude uncertainties were considered. This was done by deaggregating the hypocentral distance into small intervals of 2 km and the magnitude range (between minimum and maximum magnitude) into small incremental values of 0.2 (a lower value of the hypocentral incremental distance and magnitude interval was not improving the accuracy of the results significantly (Kumar, 2011) and it was increasing the computation time). For each grid point, all the sources within a radius of 300 km were considered for evaluation of PHA and Sa values. For the plate boundary regions, since the earthquake magnitudes were higher, this distance was increased to 500 km. The PHA value at each grid point was estimated using 24 different methods (various combinations of ground motion prediction equations; source models and different approaches of M max estimation) and later combined to get the final value using the logic tree framework as shown in Fig. 8 . The spatial variation of PHA values obtained for 10% and 2% PE in 50 years are shown in Figs. 9 and 10 . PHA values at the rock level for 10 most populous cities of India are given in Table 4 . It can be seen that the seismic hazard is high along the plate boundary regions viz. North and Northeast India. Along the shield region, the highest hazard is observed at Bhuj region and in Koyna region. For 475 years return period, the PHA values for plate boundary regions vary from 0.2 to 0.4 g where as for shield region the values were less than 0.2 g except for the Kutch region in Gujarat. The Indian seismic code BIS-1893 BIS- (2002 divides the country into four zones, viz. Zones II, II, IV and V. The maximum expected accelerations in each of these zones are 0.1, 0.16, 0.24 and 0.36 g, respectively. The PHA values obtained in this study for Northeast India and most parts of Jammu and Kashmir are higher.
Using appropriate amplification factors corresponding to site classes, we have generated a single map for entire India showing the spatial variation of surface level PHA. Fig. 11 . PHA values (g) corresponding to a return period of 475 years (10% probability of exceedance in 50 years). Figure 10 . PHA values (g) corresponding to a return period of 2475 years (2% probability of exceedance in 50 years). the PHA at the surface level. The present surface level PHA values match well with those obtained for various cities whose microzonation studies have been carried out earlier (Table 5 ). The PHA obtained at ground level using this approach is a simple method and first approximation which may be used for preliminary design. It is to be noted that several factors affect the surface level acceleration depending on the soil conditions such as effect of soil layering which need to be explored for a site specific study (Raghunandan, 2012) (Table 6 ).
Conclusions
The seismic hazard evaluation of the Indian landmass based on a state-of-the art PSHA study has been performed using the classical CornelleMcGuire approach with different source models and ground motion prediction equations. The most recent knowledge of seismic activity in the region has been used to evaluate the hazard incorporating uncertainty associated with different modeling parameters as well as spatial and temporal uncertainties. The PSHA has been performed with currently available data and their best possible scientific interpretation using an appropriate instrument such as the logic tree to explicitly account for epistemic uncertainty by considering alternative models (source models, maximum magnitude in hazard computations, and ground motion prediction equation ships).
The hazard maps have been produced for horizontal ground motion at bedrock level (Shear wave velocity ! 3.6 km/s). The evaluation of surface level PHA value is of very high importance in the engineering design. In this paper, the surface level PHA values Figure 11 . Spatial variation in PHA value at surface level throughout India (corresponding to 475 year, PSHA). were evaluated for the entire study area for four NEHRP site classes by considering the site conditions. V S30 characterization of entire country based on the topographic gradient is presented here, using existing correlations connecting slope and V S30 . The PHA value was brought to the surface level using appropriate amplification factors.
Thus this method provides a simplified methodology for evaluating the surface level PHA values. The present study shows that the seismic hazard is moderate in peninsular shield, but the hazard in the North and Northeast India are extremely high. The PHA values obtained in this study for Northeast India and most parts of Jammu and Kashmir are higher than what is specified by BIS-1893 BIS- (2002 . The ground motion predicted from the present study will not only aid in safe design of structures, but also will help in deciding the locations of important structures such as nuclear power plants.
Reliable information on the active faults and geodetic measurements of fault movement rates would go a long way in redefining seismogenic sources in India. Strong ground-motion records of earthquakes in the region would be essential to develop region specific attenuation equations for the various parts of the country. The updated and reliable information on these factors would go a long way in redefining the seismic hazard of the region in a better way. The limitation of this work is that the amplification effects due to surface topography and basin geometry were not considered. The present work characterizes the country into various site classes based on V S30 estimated from correlations with topographical gradient. Site characterization of the region by performing geophysical investigations will give a better picture of site classification which is a huge task that needs to be undertaken at national level. (Kumar, 2011) 
